The fungus Syncephalastrum racemosum (Cohn) Schroeter was found to transform the fungicide metalaxyl [N-(2,6-dimethylphenyl)-N-(methoxyacetyl)-alanine methyl ester] in pure culture. After 21 days of incubation in a basal medium amended with 5 ,ug of metalaxyl per ml, more than 80% of the compound was transformed by the fungus. The transformation rates decreased as the concentrations of metalaxyl increased from 5 to 100 ,ug/ml. No transformation was observed when the concentration of metalaxyl was higher than 200 ,ug/ml. Two isomeric metabolites and a mixture of two other isomeric metabolites were isolated from the organic extract of the growth medium and identified as N-(2-methyl-6-hydroxymethylphenyl)-N-and N-(2-hydroxymethyl-6-methylphenyl)-N-(methoxyacetyl)-alanine methyl ester and N-(3-hydroxy-and N-(5-hydroxy-2,6-dimethylphenyl)-N-(methoxyacetyl)-alanine methyl ester according to their mass-spectral and nuclear magnetic resonance-spectral characteristics. Benzylic hydroxylation of the methyl side chains and/or aromatic hydroxylation appeared to be the major reactions involved in the metabolism of metalaxyl.
Metalaxyl [N-(2,6-dimethylphenyl)-N-(methoxyacetyl)-alanine methyl ester] is an acylanilide fungicide with residual and systemic activity against plant pathogens. It has been widely used for control of plant diseases caused by foliar and soil-borne oomycetous fungi, and it also has potential as a postharvest treatment for control of citrus brown rot. Little has been published concerning the fate and behavior of metalaxyl in soil environments. Metalaxyl was found to be quite persistent in sterilized soil, with more than 90% of the added chemical remaining after 12 weeks, but it degraded rapidly in unsterilized soils, with a half-life of approximately 3 to 8 weeks (15) . Enhanced biodegradation has been shown to occur in soil with a history of metalaxyl treatment (1, 2) . The half-life of metalaxyl added to two soils which had been subjected to 5 years of metalaxyl treatment was 14 and 28 days, respectively, compared with a half-life of more than 10 weeks if metalaxyl was added to untreated soils. Metalaxyl acid [N-(2,6-dimethylphenyl)-N-(methoxyacetyl)-alanine] resulting from hydrolysis of the methyl ester group of metalaxyl was determined as the major metabolite in field soils at potato harvest (13) and in unsterilized soil incubated under laboratory conditions (11) .
Microbial metabolism of metalaxyl by axenic cultures has also been studied. Bailey and Coffey (2) showed that eight fungal and six bacterial strains could transform metalaxyl in a liquid medium. Transformation of metalaxyl with a single microorganism ranged from 36 to 52% after 25 days of incubation and up to 75% with mixtures of either fungi or bacteria. However, none of these microorganisms could use metalaxyl as the sole carbon source. In their study (2) , the presence of four metabolites was indicated, but no chemical characterization was made of these products. Also, no antifungal activity could be detected with the four metabo-lites when a bioassay was conducted with Phytophthora boehmeriae as a test organism.
The objective of this research was to determine the ability of a soil fungus to transform metalaxyl, to evaluate the effect of metalaxyl concentration on fungal activity, and to characterize metabolic products of the fungicide.
MATERIALS AND METHODS Chemicals. Metalaxyl (technical grade) of 96.4% purity and [ring-U-14C]metalaxyl with a specific activity of 39 pCi/ mg were supplied by CIBA-Geigy Corp., Agricultural Division, Greensboro, N.C.
Organism and growth conditions. The fungus was isolated from soil samples collected in Virginia with a 5-year history of exposure to the herbicide metolachlor. It formed lightgray fast-growing colonies on potato dextrose agar. The racemosely branched sporangiophores bore rodlike merosporangia on their terminal vesicles. Sporangiospores were smooth-walled, globose to ovoid (3 to 5 [Lm) . According to these characteristics, the fungus belongs to the Mucorales and was identified as Syncephalastrum racemosum (Cohn) Schroeter (7) .
Liquid cultures were grown in 250-ml Erlenmeyer flasks containing 100 ml of a medium consisting of 5 g of KH2PO4,
1.5 g of Na2HPO4, 0.5 g of (NH4)2S04, 0.5 g of MgSO4 7H2O, 8 Gas-liquid chromatography was performed on a gas chromatography instrument (model 5890A; Hewlett-Packard Co., Palo Alto, Calif.) equipped with a flame ionization detector and an integrator (model 3392A; Hewlett-Packard).
A capillary column (RTx-5, fused-silica tubing, 30 m by 0.32 mm [inner diameter], cross-bonded with 95% dimethyl-5% diphenyl polysiloxane) was purchased from Restek Corp., Port Matilda, Pa. Samples were injected in the split mode with an 80:7 split ratio. Helium at a constant pressure (48 lb/ in2) was used as the carrier gas. The column temperature was programmed at 8°C/min from 100 to 250°C. The injector and detector temperatures were set at 250 and 275°C, respectively. The calibration curve of metalaxyl in the gas-chromatographic analysis was linear in the range between 2 and 100 ,ug/ml; therefore, the ethyl acetate extract was diluted or concentrated to this range.
Radioactivity was measured with a Beta Trac 6895 liquid scintillation counter (Tracor Analytic, Elk Grove Village, Ill.). Samples were prepared in ScintiVerse II Universal LSC cocktail (Fisher Scientific Co., Fair Lawn, N.J.)
Electron impact mass spectra were obtained on a doublefocusing mass spectrometer (model MS 9/50; Kratos Analytical, Ramsey, N.J.) at an ionization potential of 70 eV with a direct insertion probe or by using a gas chromatograph-mass spectrometer (model 3200, Finnigan MAT, San Jose, Calif.). The capillary column used was the same as previously described. Proton nuclear magnetic resonance (NMR) spectra were recorded on a spectrometer (WM-360 MHZ; Bruker Instruments Inc., Billerica, Mass.) with deuteriochloroform as the solvent.
RESULTS
Transformation of metalaxyl by S. racemosum. S. racemosum was capable of transforming metalaxyl as indicated by gas-chromatographic analysis; about 80% of the fungicide disappeared within 3 weeks of incubation at a metalaxyl concentration of 5 ,ug/ml (Fig. 1 (12) . Sizeable reciprocal enhancements between methine 1' and benzylic methyl group 8 showed them to be very near each other in space. Irradiation of methyl group 3' led to approximately equal effects on methyl groups 7 and 8, placing 3' over the aromatic ring roughly equidistant between methyl groups 7 and 8.
Isolation, identification, and quantitation of metabolites. TLC separation of the methylene chloride extract from the growth medium by using solvent system A indicated the presence of three radioactive spots at RI?0.58, 0.38, and 0.20 which were isolated and designated as A, Bi, and B2, respectively. Subsequent gas-chromatography-mass spectrometry analysis showed that the material recovered from spot A had two peaks at 19.86 and 19.96 min, which are referred to below as Al and A2, respectively. Thus, it was possible to obtain separate mass spectra for each isomer. Both Al and A2 displayed molecular ions at mlz 295 and identical fragmentation patterns.
Further TLC separation with solvent system B enabled elimination of color contaminants from Bi and B2, but did not separate Al from A2. The gas-chromatographic analysis showed a peak for Bi at a retention time (RT) of 18.33 min and a peak for B2 at RT 19.38 min.
Electron impact mass-spectral data for Al and Bi are presented in Fig. 3 ; the mass spectra of Al and Bi were identical to those of A2 and B2, respectively. Both isomers of compound A were shown to have identical molecular formulae by proton NMR. Thus, high-resolution mass spectroscopy was done and yielded m/z 295.1428 for C15H21NO5 (calculated, 295.1416 (Table 1) showed strong similarities to that of the metalaxyl standard as well, except for the disappearance of one of the aromatic methyl three-proton singlets (7-CH3 or 8-CH3) and the appearance of a two-proton multiplet in the range of 4.53 to 4.73 ppm. In product Bi, this two-proton multiplet occurred at 4.73 ppm as a broad singlet and was consistent with a CH-H group at position 7. In this case, one of the 1" methylene protons was shifted noticeably downfield, while the aromatic methyl at position 8 When the incubation period was extended, the amount of radioactivity in the aqueous phase increased, while the amount of radioactivity in the ethyl acetate phase decreased. Conjugation of metalaxyl metabolites in metalaxyl-treated vegetables yielding water-soluble compounds has previously been reported (4) , and a similar transformation process could occur during fungal metabolism.
At metalaxyl concentrations higher than 100 ,g/ml the fungus could not transform the fungicide, but its growth pattern was not changed, as indicated by the mycelium (biomass) formation. This observation may mean that the microbial enzyme system responsible for metalaxyl transformation was inhibited by higher metalaxyl concentrations.
The hydrolysis of acylanilides resulting in the formation of the corresponding aniline is a frequently occurring process in the microbial transformation of acylanilide herbicides (6) . In the present study with metalaxyl, however, no release of the aniline moiety could be detected. The same observation was made with various microorganisms by Bailey and Coffey (2) .
Isolation and identification of the metabolites indicated that hydroxylation on the aromatic ring or on either methyl side chain of the ring appeared to be the major transformation mechanisms of metalaxyl by S. racemosum. Hydroxylation on the methyl side chain of the ring, resulting in the formation of metalaxyl benzyl alcohol, has also been found in greenhouse-grown tobacco treated with metalaxyl (8) and in the urine and feces of experimental rats orally dosed with the fungicide (13) . Both research groups showed that metalaxyl benzyl alcohol or its isomer occurred in the free form or conjugated with sugar or glucuronic acid. Whereas in higher plants and animals the insertion of a hydroxyl group provides a center where conjugation can take place, microbial hydroxylation is often the first step in the degradation process (3) . Benzylic hydroxylation of the alkyl side chains by various microorganisms has also been observed with the acetanilide herbicide metolachlor (9, 14) .
Aromatic hydroxylation of metalaxyl leading to the formation of N-(3-hydroxy-or N-(5-hydroxy-2,6-dimethylphenyl)-N-(methoxyacetyl)-alanine methyl ester has not been previously reported in microbial metabolism of either metalaxyl or metolachlor. Aryl hydroxylation of metalaxyl at the meta position has been shown to occur in cell suspensions of lettuce (Lactuca sativa L.) as indicated by cochromatography with the reference compounds (5) . We did not detect any change in the alkyl moiety of metalaxyl, in particular the formation of metalaxyl acid, which is derived from hydrolysis of the methyl ester group. Metalaxyl acid has been shown by other researchers to be the main metabolite in soil environments (11, 13) .
This research has shown that hydroxylation of acylanilides at various positions was the major metabolic transformation reaction caused by the various microorganisms investigated. The fate of the hydroxylated products and their toxic effect in the environment have still to be further investigated and evaluated.
